As a part of the renewable energy cycle, forest biomass resources are considered to be important renewable materials and energy sources in many countries. It is evident from international and local research into forest biomass utilization that several challenges must be addressed to ensure logging waste can be transformed into material of commercial value. Several logistical and supply chain challenges have already been identified, including uncertainty about the nature, amount, and quality of forest residues. In this context, this paper presents a summary review of estimation methods and techniques for managing forest and woody residue along the timber supply chain. The review examines both the opportunities and the challenges evident in the international forest residue estimation methods within each supply chain for primary and secondary forest resources. The review also discusses techniques for supply chain and management planning and highlights the limitations of existing information and communication technology (ICT) implemented for forest biomass research.
Introduction
Because of fossil fuel cost and environmental concerns, processed forest and woody biomass have become a valuable source of bioenergy and bio-based wood products; their production technologies are under continuous improvement. The European Union (EU) has announced that 20% of energy will be generated from renewable sources including bioenergy by 2020 [1] . In the 27 member nations of the EU, biomass contributed 8.2% of the EU's total energy consumption in 2010, nearly 64% of Europe's renewable energy [2] . Forest biomass is the dominant feedstock, contributing about two-thirds of the total biomass for energy production or about half of all renewable energy sources [3] . In the United States, biomass is one of the key energy contributors, having supplied approximately 2.9 quadrillion Btus in 2003 [4] . The current primary biomass comes from a wide range of forestry and agricultural sources such as harvesting residue, industrial processing residues, and municipal solid and urban wood residues [5] .
In forestry, wood-based biomass sources include forest logging residue, plantation biomass feedstocks, processing residues, and municipal and urban wood residues [6, 7] . Forest-sourced biomass can be categorized into one of three supply chain segments: primary, secondary, and tertiary. Primary forest biomass sources include conventional logging residue, thinning, and land clearing as well as fuel load materials removed from forestland. Processing mill residues, including primary and secondary mills, are the main secondary sources of forest biomass. The last segment of biomass sources along the
Methodology
The primary objective of the methodology was to support the production of this literature review on forest and woody biomass and biomass energy supply chain covering Australian and International literature primarily published in the last 20 years. This selective rather than systematic review of recent forest and woody biomass research highlights assessment techniques in forest biomass along the timber supply chain It details the approach to scoping the focus of the study including inclusion/exclusion criteria; search terms; and the search strategies deployed to identify peer-reviewed publications, reports and other materials. In developing the methodological approach for undertaking this review, the following broad inclusion criteria were applied:
• Literature published in the form of full text articles. Literature published in the form of abstracts, full reports or reviews are only included where they offered a new or unique contribution to addressing the primary questions posed by authors; • Literature published in the English language. Literature published in languages other than English have generally been excluded from this review; • Literature published in Australia and internationally since the year 2000. Generally, literature published prior to 2000 (unless of particular relevance) has been excluded;
The aim of scoping the review in this manner was to ensure a broad coverage of the literature relevant to assessment techniques in forest biomass along the timber supply chain.
The search strategy used to undertake this review was primarily aimed at ensuring the identification of:
•
Peer-reviewed publications providing quantitative and/or qualitative evidence on estimation methods and techniques for managing forest and woody residue along the timber supply chain.
The review examines both the opportunities and the challenges evident in the international forest residue estimation methods within each supply chain for primary and secondary forest resources.
The formal search strategy targeted a number of sources of potential materials on biomass energy utilization including full text databases; web-based search engines and direct analysis of output from government agencies and centers of research excellence. The key databases searched to identify and collect original peer-reviewed publications and reviews Web of Science, SCOPUS. Additional publications were identified and collected following citation searching on the multiple databases available through European Standard and FAO. The key web-based search engine utilized was Google Scholar. The formal search strategy produced an initial list of more than 150 indexed published resources comprised of peer-reviewed papers, international standards and reports. Following examination of these materials for suitability and fit 105 publications full text papers were analyzed for consideration to be included in the review.
Primary Forest Resources

Logging Residues
The main source of forest biomass varies over different parts of the world. European countries utilize wood from thinning operations as well as harvesting residues from clear-cuts [21] . From an economic perspective, biomass recovery from thinning is more costly than residue utilization because thinning operations bear the entire operating cost, while clear-cut residue carries only the chipping and secondary transportation costs [22] . Kizha and Han (2016) evaluated the sorting of forest harvest residues by quality class at their landing sites to increase forest product yields. Sorting residue into chipping or grinding categories can increase biomass product quality but leads to higher operating costs [23] . In the Southern Hemisphere and the Southern USA, the main source of bioenergy comes from clear-cut residues, although in the Southern USA, some stemwood is also used for this purpose [19] .
Logging residue is one of the primary sources of forest biomass and is typically generated by operations such as commercial timber harvest, fire hazard reduction thinning, salvage logging, forest restoration, and pre-commercial thinning [24] . Harvesting residue, thinning residue, and biomass residue are all terms associated with logging residue. EN ISO 16559 (Solid biofuels Terminology, definitions and descriptions) defines logging residue as woody biomass created during wood harvesting.
Among forest biomass utilization options (e.g., energy tree plantation, direct use of trees as fuel, and residue collection), logging residue is the only source considered to be carbon-neutral [25] [26] [27] [28] [29] . Internationally, forest residues are widely used to produce valuable bioenergy and bio-based products. A detailed understanding of the availability, quality, and feasibility of residue utilization requires high-quality information about forestry supply chains, their management, and their operation. Residue utilization remains limited; there is a lack of clarity on how to address the factors inhibiting its development. A cost-efficient design for the forest biomass supply chain may overcome these challenges. Quantitative techniques can aid decision-makers in balancing the economic, environmental and social factors in these supply chains [9, [30] [31] [32] .
From international and local research into residue utilization, it is evident that several challenges must be addressed to ensure logging residues can be transformed from a waste material into a product having commercial value. Some logistical and supply chain challenges have already been identified:
•
Forest residues are highly varied, can be of low quality, and are widely distributed across timber harvesting sites. All these factors impose residue collection, processing, and transportation challenges with implications for the economic viability of residue utilization operations.
While large volumes of residue exist, there is uncertainty about the nature, amount, and quality of residues in any particular harvesting operation.
There is limited knowledge about other factors, such as forest site accessibility throughout the year, weather conditions, availability of pre-processing technology, haulage contracting models, and distance to market.
In practical biomass planning, a quantitative estimate of the available amount of logging residue is critical to the prediction of a biomass supply chain's financial feasibility and potential revenue [24] . Several logging residue estimation methods have been investigated and used in biomass pre-feasibility research. These techniques have been applied to a variety of forest types and levels of planning.
Remote Sensing
At the state and national levels of biomass estimation, geographic information systems (GIS), remote sensing, and yield growth model approaches have been preferred [33] [34] [35] . Remote sensing data and techniques have become important to biomass estimation. Biomass estimation from remote sensing data has been described in Lu and Patenaude [36, 37] . The relationship between spectral response and biomass is investigated using multiple regression analysis and k-nearest neighbor as well as other neural network learning techniques.
Additionally, indirect relationships estimated from remote sensing data like leaf area index (LAI) and structure (crown closure) have been used to develop models to estimate biomass [38] [39] [40] [41] . Labrecque et al. [42] assessed four different approaches for the use of remote sensing data to investigate its benefit for estimating above-ground biomass (AGB). This study revealed that the selection of the method was depend on the data's level of precision and availability.
There are multiple data sources such as the Advanced Very High Resolution Radiometer (AVHRR) and Moderate Resolution Imaging Spectroradiometer (MODIS) that can help develop biomass availability maps using remote sensing. To connect detailed ground measurements to coarse spatial resolution remotely sensed data from sources like AVHRR and MODIS, multi-scale images have been incorporated into biomass estimation methods and moderate spatial resolution images as a bridge between field data and coarser imagery [43] [44] [45] [46] .
The most widely used sources of remotely sensed images for forest biomass estimates have been the Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper ETM+ data [39, 40, 42, [47] [48] [49] . Several studies have used data from other moderate spatial resolution sensors to estimate forest biomass; these include ASTER [45] , Hyperion [50] , QuickBird [51] , and IKONOS [52] . Remote sensing data offers the advantage of extended spatial coverage beyond that of national or state level biomass estimates from forest inventories [53] . Also, remotely sensed data can fill gaps in forest inventory data with attributes that allow biomass and carbon stock to be predicted with precision [54] .
Geographical Information System
Biomass energy feedstock has the character of a geographically dependent energy resource [55] . A GIS is a tool that can be broadly used to estimate the biomass availability at a state or national level [56] , and to investigate optimal logistics planning for minimal biomass transportation costs through a least-cost matrix [57] . Most GIS biomass estimation approaches have been based on the use of agriculture, forestry, economic, climate, reserved, and infrastructure data. Developed restriction and suitability models have been primarily used to define potential biomass availability and areas for collecting potential forest harvest residues.
Woo et al. [35] investigated biomass availability in Tasmania using integrated GIS, analytical hierarchy process (AHP), and multi-criteria analysis (MCA) techniques. The potential biomass availability was estimated based on the non-industrial private native forest (NIPNF) model in Tasmania. The optimal locations for prospective biomass power plants were identified using integrated MCA and GIS network analysis models including a supply chain cost analysis. Also, Delivand et al. [58] investigated optimal locations for bioenergy facilities and biomass potential through an integrated approach combining GIS with MCA. To investigate the optimal location of biomass facilities, minimized logistics costs and the corresponding life-cycle greenhouse gas (GHG) emissions were estimated. The potential biomass availability was investigated in three consecutive steps: land availability, land suitability, and location-allocation of biomass plants.
Biomass Estimation Model
There is a requirement for accurate biomass estimation methods at the national level. A combination of allometric equations and forest inventory data models such as EVALIDator, NIPNF, and FIA DataMart tools have been investigated for the estimation of the national level of forest residue and biomass availability in many countries [59] [60] [61] [62] [63] [64] [65] [66] [67] .
Peltola et al. [68] have investigated the recovery rates of logging residue recovered from Norway spruce (Picea abies (L.) Karsten) dominated stands. The dry weight of logging residue was measured at a biomass plant location to estimate potential biomass availability at the stand level. The dry weights were calculated using biomass models developed for individual trees by Repola et al. [69] . The results from Repola's model were compared with Swedish biomass models produced by Marklund [70] . Peltola et al. [68] have found that the average recovery rates are slightly different between different models; however, the variation between the logging residue collection sites was high. This study highlighted that at least a third of the residue remained on the harvesting sites after collection.
Berg et al. [71] investigated variability in residue ratios, comparing growing stock residue volume to mill-delivered volume to better estimate residue production in the US. This study adopted model-based sampling to estimate the growing stock logging residue ratio for a multiple-state region and developed models that relate the residue ratio to individual tree and stand-level variables. The predictive residue estimation model was developed in relation to tree and site-level variables. The study result showed that the residue ratios were predicted to increase with the larger small-end diameter and decline exponentially with increasing diameter breast height (DBH). Ratios were predicted to drop when pulp logs were removed and when timber was mechanically felled. However, these estimation models are highly influenced by assumptions, and they are difficult to apply at the operating level of the biomass supply chain.
Field Data Measurement
Logging residue has been estimated at forest harvesting field sites. Logging residues are classified based on criteria such as the form of storage, residue scattering patterns, and type of materials. On site, residue is mainly divided into staking piles or scattered [72] [73] [74] . Hardy [75] investigated guidelines for estimating forest residue stacked piles volume in various pile shapes. The shapes of forest residue piles are classified into five generalized pile formats: half-sphere, paraboloids, half-cylinder, half frustum of a cone, half frustum of a cone with rounded ends, half-ellipsoid, and irregular solid as illustrated in Figure 1 [75] . Volumetric formulas were developed and used to estimate the gross volume of stacked piles. In scattered harvesting sites, the most commonly used logging residue estimation method is the line-intersect sampling (LIS) technique from the coarse woody debris inventory sampling method [76] . Warren and Olsen [77] introduced the LIS technique to estimate the logging residue volume in harvested forest sites. Kizha and Han [24] estimated the amount of forest residue recovered from whole-tree harvesting sites in Northern California. Pre-and post-harvest downed woody debris (DWD) techniques (line-intersect sampling) were applied to estimate the total amount of AGB in the harvesting sites. Localized allometric equations were used to estimate pre-harvest AGB. This study revealed that the recovered residue delivered as logging residue biomass feedstock from a ground-based harvesting system showed a high biomass recovery rate (70% for a shovel logged unit) compared with a cable yarding system (60% for a cable yarded unit).
Limitations and Opportunities for Logging Residue Estimation Methods
From the literature review, the most accurate method for estimating timber biomass is the direct destructive method. The direct destructive method involves the harvesting of a tree and measuring the weight of the different tree components (branches, leaves, trunk, etc.) including LIS and DWD techniques. However, the destructive method is time-consuming and has limited application at the national and state level [78] .
Indirect methods such as applying allometric equations combined with modeling approaches allow the prediction of tree and residue volume at the state and national levels with some accuracy [64] . Identified opportunities and limitations of logging residue estimations are summarized in Table 1 . The foregoing limitations can be overcome the ICT technologies integrated into current harvesting equipment. Forest harvesters and processors are equipped with onboard computers and sensors, and these systems can generate data during harvesting operations called StanForD. This automated data collection system collects data such as DBH, length of a cut tree, and geo-coordinate information (longitude and latitude) with individual tree level. Integrated Standard for Forest machine Data (StanForD) compliant data and allometric equations (modeling) can predict harvesting productivity and residue volume with high precision [79] . The StanForD based logging residue estimation technique has been enhanced to develop biomass availability maps in near real-time and with improved data accuracy. The accumulation of estimated logging residue data can enable a forest manager or a biomass facilities manager to improve their management plan.
Additionally, unmanned aircraft systems (UAS) have been introduced to estimate coarse woody debris (CWD) in biomass harvested sites. The UAS technique not only decreases operational costs, but also takes less time than traditional CWD estimation methods [80] . UAS surveillance results indicated that its residue estimates are more accurate than line intercept sampling ground measurement and its data collection and analysis is much quicker than traditional sampling methods. For slash piles, drone-based estimation was lower than ground-based estimates. Despite underestimation issues, a UAS can contribute to decreasing operation costs and fieldwork time with additional calibration and correction.
Secondary Forest Resources
Wood Processing Mill Residues
The wood processing industry manufactures structural wood products such as lumber and plywood using roundwood or sawlogs. During the wood processing, tons of residue is produced by timber mills. Mill residues are being used to produce bioenergy and bio-based forest products through processes that enhance the value of this material that has traditionally been thought of as waste.
Sawmill residues consist of different types and shapes of material including bark, chips, chunks, offcuts, slabs, and fine material such as shavings and sawdust [81] [82] [83] . The residues are generally traded as mulch, firewood, hog fuel, animal bedding, engineered wood products (EWPs), and raw material for the pulp industry [84, 85] .
As stated previously, one of the challenges in developing valuable material from forest residue is to quantify the amounts that are available to match the required input standards of each of the various biomass conversion processes [86, 87] . The estimation of processing residues in the biomass industry is a challenge because the residue is generated as a by-product of sawmill operations and the availability of residue largely depends on the type of mill and its techniques [83, 87] . Additionally, recovery rates vary depending on the processed species, equipment configuration, log quality, sawing methods, grading, storage, drying, and level of horizontal and vertical integration [88] .
Computational Methodology
Generally, sawmill residue estimation is calculated by using volume and weight factors developed from literature and research [89] . Sawmills have different timber recovery factors depending on DBH, length, taper, and quality; sawing configuration, green mill processing quality, and size of dry-dressed lumber and kerf width [90] . Figure 2 shows where sawmill residue is generated in the sawmill processing chain. Sawmill residue production rates are highly dependent on sawmilling technology, timber processing rate, price of mill residue products, and the options for residue utilization [91] . There are several methods for estimating processing mill residue availability. In California, U.S., mill residue production was estimated using sawmill residue volume and weight factors that were developed from literature and survey data under specific conditions and in specific years. The volume factor was defined as the dry volume of residue per cubic meter of processed sawlogs; the weight factor was the ratio of the dry weight of residue produced to the dry weight of processed sawlogs [92] . The general information and statistical data for timber harvest and sawlogs processing production in the California forest products industry were collected from published literature and reports [93, 94] . The residue amounts were calculated based on the average generation rate for U.S conventional harvested timber considering only one general type of sawmill operation for the estimates [92] . Setzer [82] investigated a number of estimates of plant residues in the western U.S. In this research, most of the studies were focused on softwood species and estimated residue from veneer and plywood mills located in Colorado, Idaho, and Montana. The lumber mill portion of the residue was derived by subtracting veneer and plywood mill residue estimates from the total mill residue estimate. The recovery factor for 9.53 mm thick plywood was 4.92 kg/m 2 [95] and for veneer was 53 m 2 /m 3 of log [96] .
Survey
In Australia, wood processing mill residue comes primarily from the sawing and peeling mill industries. Data for wood processing residues were collected and reviewed; the data were from Australian national-level data sources, primarily the Australian Bureau of Agricultural and Resource Economics and the Department of Agriculture and Water Resources. The most recent assessment of the Tasmanian processing residue sector is a survey completed in 2013 [97] . The survey results provide the best estimate of current levels of mill processing residue in Tasmania. The survey estimation was compiled from oral and written interviews with representatives of the wood processing industry from May to June, 2013 [98] . During the survey period, the participating companies processed more than 90% of the total milling output in Tasmania.
Information and data about the amount of processed timber, processing residue generation, current use of residues, and potential residue availability were discussed and gathered during the interview process. The percentage of processing residue generation and potential biomass energy availability were estimated separately for two different milling types and two different product types: softwood sawmill, hardwood sawmill, softwood chipping, and hardwood chipping [99] . Domestic firewood consumption and production were estimated by Driscoll et al. [100] and Todd [101] ; unpublished data from a wood-heater survey conducted by the Tasmanian Environment Protection Authority during the winter of 2011 were investigated [99] .
Discussion
Increased fuel costs and environmental concerns have contributed to the rise of renewable energy sources as alternatives to fossil fuel. As a source of renewable energy, forest biomass is considered to be an important resource in many countries.
Forest residues, the by-products of conventional timber harvesting including small-diameter trees, tops, limbs, and chunks, provide an opportunity to produce bioenergy and bio-based forest products in a more carbon-positive way [35] . Many countries are already using residues to successfully produce an alternative to fossil fuel and reduce carbon emissions. New technologies applied to combustion, gasification, palletization, pyrolysis, briquettes, and torrefaction are able to convert forest residues into high quality and sustainable bioenergy and bio-based materials [102, 103] .
However, based on international and local research into forest residue utilization, it is evident that several challenges must be addressed to ensure residues can be used for valuable bioenergy feedstock. In particular, The uncertainty of biomass availability can increase the risk of wrong decision making in the biomass supply chain [4, 104, 105] .
In this context, this paper reviews assessment techniques in forest biomass energy resources along the timber supply chain. At the primary forest resource, the majority of studies have estimated forest biomass using remote sensing [36, 37] , GIS techniques [56] , and modeling approaches [59] [60] [61] [62] [63] [64] [65] [66] [67] at the state level. Remote sensing and GIS studies have been useful to provide large-scale insights into biomass availability under different geographical and environmental conditions. However, they cannot provide highly accurate biomass availability estimates. On the other hand, field data collection, the most accurate method of biomass estimation, has limited utility for large scale biomass estimation.
Fortunately, forest machines with integrated ICT systems have been investigated and are coming online to improve the accuracy of forest inventory data for large scale estimates of biomass availability. Also, UAS technology has been introduced to measure biomass availability with reduced cost and time. Given the rising public awareness of bioenergy, a precise biomass estimation tool to support biomass industries is needed to make the most efficient use of biomass resources.
In the literature on secondary forest resources, limitations and challenges were identified in processing mill residue estimating. Biomass recovery rates differ according to sawmill configuration, species processed, log quality, and other factors [83, 87] . Currently, secondary forest resources are estimated using computational methods and surveys. These techniques provide reliable information about processing residue availability, but the resulting data and information can be exposed to a high risk of contamination from human intervention. Further research is needed to investigate automated data capturing systems to improve processing mill residue collection. There is also a need to develop an integrated ICT biomass estimation system that automatically collects data at the mill.
Conclusions
This paper presents a summary review of forest and woody residue estimation methods and techniques along the wood supply chain. The report examines both the opportunities and the challenges evident in international forest residue estimation methods. The review reveals that many estimation methods have been adapted and have improved logging residue estimation. Currently, integrated ICT systems are being implemented to improve the accuracy of residue estimation. However, wood processing residue estimation has multiple challenges in estimating biomass availability. There is still a need for future research into accurate and economical forest residue estimation, especially in wood processing mill residues. This literature review was prepared for the primary use of stakeholders aligned with forest biomass energy utilization. It is however, anticipated that it will also be useful for other organizations and researchers working in this or related fields in globally. Funding: This research used in this paper was funded through the Korea Forest Service (Korea Forestry Promotion Institute) project called: R&D Program for Forest Science Technology (Project No. 2019149C10-1923-0301).
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